We have demonstrated spin injection from a full Heusler alloy Co 2 MnGa thin film into a ͑100͒ InGaAs quantum well in a semiconductor light-emitting diode structure at a temperature of 5 K. The detection is performed in the oblique Hanle geometry, allowing quantification of the effective spin lifetime and spin detection efficiency ͑22Ϯ 4%͒. This work builds on existing studies on off-stoichiometric Heusler injectors into similar light-emitting-diode structures. The role of injector stoichiometry can therefore be quantitatively assessed with the result that the spin injection efficiency increases by a factor of approximately 2 as compared with an off-stoichiometric Co 2.4 Mn 1.6 Ga injector. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2938418͔ Spin injection into degenerate semiconductors such as GaAs is an area of massive interest to the field of spintronics.
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1 The technological application of spin injection are myriad and include the manipulation of classical information carried by spin, initialization, and readout of a spin qubit 2 and coherent manipulation of spin in the proposed spin field effect transistor. 3 Single element ferromagnetic transition metals such as Fe are attractive spin injectors as they possess a high Curie temperature and exhibit well understood thin film magnetism. However, the s-d hybridized nature of the band structures of these metals, means that the the Fermi level polarization is limited to the range of 30%-40%. There has been a lot of work recently done on understanding the spintronic properties of systems which potentially have only majority spin electrons at the Fermi level, the so-called half metals. In spite of this, there have been very few experimental device implementations of this type of material.
Here, we focus on the Heusler alloy Co 2 MnGa which crystallizes in the L2 1 phase. This alloy falls into the general class of Co-based materials which have the the formula Co 2 YZ, where the Y and Z atoms are a transition metal and an sp element, respectively. The lattice matching of Co 2 MnGa to GaAs is attractive ͑ϳ2%͒ and they have Curie temperatures above room temperature. Recent studies of Co 2 MnGa on GaAs͑100͒ ͑Ref. 4͒ demonstrate the feasibility of this material system. A fully spin polarized metallic contact may be used as a spin injector without the requirement of a tunnel barrier as it would be immune to the conductivity mismatch problem. 5 Electronic structure calculations on Co 2 MnGa ͑Ref. 6͒ in the framework of density functional theory, indicate a bulk spin polarization in the density of states of 81% with a total spin moment of 4 B per formula. However, the ternary nature of these alloys introduces another level of structural complexity as the formation of antisite defects follow Boltzmann statistics and have been shown to detrimentally affect the bulk and interface spin polarization 7 in Co 2 MnSi. In those calculations, the Fermi level spin polarization in the density of states was reduced to about 55% due to Co antisite defects.
In this paper, we have incorporated a Co 2 MnGa injector into a spin light-emitting diode ͑LED͒ structure and investigate spin injection into an In 0.2 Ga 0.8 As quantum well ͑QW͒. This study can be compared with previous spin injection experiments on off-stoichiometric Co 1.6 Mn 2. 4 Ga LED structures, where spin polarization has been measured to be 13%, 8 while 27% spin injection has been achieved from Co 2 MnGe ͑Ref. 9͒ into GaAs. This type of spin LED design is based on a n-Al 0.33 Ga 0.67 As Schottky LED structures which were used to successfully demonstrate spin injection from Fe into GaAs/ AlGaAs QWs. 10 Further, the oblique Hanle geometry can be used to estimate the effective spin lifetime in the QW.
11
The structure comprises a GaAs based LED structure with a surface Schottky barrier onto which a ferromagnetic metal layer is grown. The III-V wafer is grown by standard molecular beam epitaxy techniques and is in situ transferred under UHV conditions into a magnetic metals chamber where a 10 nm Co 2 MnGa layer is grown at 250°C with a deposition rate of 3 Å min −1 followed by a 3 nm Au cap. The III-V part of the heterostructure consists of the following layers: 15 nm n-Al 0.33 Ga 0.67 As ͑3.3ϫ 10 18 cm −3 ͒ / 15 nm n-Al 0.33 Ga 0.67 As ͑1 ϫ 10 18 cm −3 ͒ / 50 nm n-GaAs ͑1 ϫ 10 18 cm −3 ͒ / 50 nm GaAs/ 5 nm In 0.2 Ga 0.8 As/ 100 nm GaAs/ 10 nm In 0.2 Ga 0.8 As/ 100 nm In 0.2 GaAs/ 500 nm p-GaAs ͑1 ϫ 10 18 cm −3 ͒ on a ͑100͒ p-GaAs substrate. This device wafer was designed to have two QWs in order to observe optical recombination from two distinct regions in the semiconductor. However, only recombination from one ͑5 nm͒ QW is observed. The metal/semiconductor heterostructure ͑spin LED͒ was then processed using Ar + ion etching techniques to make a 240 m Co 2 MnGa mesa inside a larger 500 m mesa of the semiconductor part of the device heterostructure. The device band diagram, electroluminescence and current-voltage characteristics are plotted in Fig. 1 . The injected spin polarization is detected via a measurement of the circular polarization of the emitted light from the recombination region at 5 K. This method has become a standard technique in devices of this type ͑spin LEDs͒ and involves an oscillating quarter wave retarder and a static linear polarizer as described elsewhere. [10] [11] [12] The polarization of the injected electrons is related to the optical polarization via the relation,
where I Ϯ is the intensity of right or left circularly polarized light and n ↑,↓ is the density of spin up or down electrons which undergo recombination. In the experimental configuration here, the magnetic field is applied at 30°to the plane of the thin film contact and the emitted EL is collected along the ͑100͒ crystallographic direction ͑the growth axis͒ and normal to the plane of the thin film.
The optical polarization as a function of applied magnetic field ͓P͑B͔͒ is plotted in Fig. 2 , having subtracted a small negative linear component, arising from a weak Zeeman splitting g B B Ӷ kT. P͑B͒ is proportional to the S z component of the spin and the total spin state S ជ , obeys the Bloch equation 13 for the time evolution of spin states. The injected spins undergo Larmor precession and the radius of precession is determined by the spin scattering rate. These processes underpin the oblique Hanle effect. The steady-state Bloch solution can be written as follows:
ប is the Larmor frequency arising from the oblique magnetic field B = ͑0,B y , B z ͒, g and B are the Landé g factor and the Bohr magnetron, respectively. S 0 is the initial spin state which is directly related to the orientation of magnetization in the injecting film. Thin film anisotropy ensures that the S 0z terms are small compared to the S 0y term as the film magnetization tilts by about 10°out of plane in this geometry. The relevant timescales in the experiment are T s * and , which are the effective spin lifetime, and the radiative lifetime respectively. The spin polarization of the injected electron density ͑⌸͒ is related to the optical polarization ͑P͒ via ⌸T s * / = P / ͑cos sin ͒, where ͑=30°͒ is the angle between the oblique magnetic field and the plane of the Co 2 MnGa film.
The Hanle effect data at 5 K and fits to Bloch theory shown in Fig. 2 give effective spin lifetimes of T s * = ͑160Ϯ 30͒ ps at V b = 4.76 V, based on a g factor of ͉g͉ = −0.8 taken from data on In 0.21 Ga 79 As/ GaAs QWs ͑Ref. 14͒ and a measured radiative lifetime of = 400 ps by photoluminescence. The kink in the curve around zero field is associated with a nuclear dipole shift. This fit gives a value of ⌸ =22% Ϯ 4% for the injected spin polarization, as detected in the QW. The bias dependent spin injection is shown in Fig. 3 . At V b Ͻ 4.76 V, the light intensity drops and the polarization data become unreliable as evidenced by the error bars on the plot. At higher bias, there is a reduction in observed spin polarization in the QW accompanied by an increase in the Hanle half-width. This corresponds to a shorter T s * . This is due to the enhanced electric field which the spins see in the 5 nm InGaAs QW region. The electric field gives rise to a more pronounced spin orbital field from the asymmetrizing of the confinement potential. Toward the higher bias limit, the optical polarization drops to a constant P ϳ 1%. The drop in measured polarization is due to the decrease in T S * , and hence a decrease in the spin detection efficiency ͑ = T S * / ͒. This decrease in T S * is evidenced by the increase the Hanle half-width in the P͑B͒ curved in Fig. 2 . We have demonstrated spin injection from the Heusler alloy Co 2 MnGa. The maximum optically measured spin polarization was found to be 4.0% Ϯ 0.3% in the low bias regime. The value of electron spin polarization inferred from this measurement in the Hanle geometry was found to be ⌸ =22% Ϯ 4%, having established an effective spin lifetime of T s * = 160Ϯ 30 ps. Despite the predictions of a high degree of spin polarization in the injecting metal and the optimized Schottky barrier configuration, the injected spin polarization does not improve on that previously achieved with Fe. Comparing this result with off-stoichiometric Co 2.4 Mn 1.6 Ga, we find that there is an increase in the injected spin polarization by a factor of 2. 
